Neutrophilic airway inflammation is one of the major hallmarks of chronic obstructive pulmonary disease (COPD), and is also seen in steroid resistant asthma. Neutrophilic airway inflammation can be induced by different stimuli including cigarette smoke (CS). Short-term exposure to CS induces neutrophilic airway inflammation both in mice and humans. Since not all individuals develop extensive neutrophilic airway inflammation upon smoking, we hypothesized that this CS-induced innate inflammation has a genetic component. This hypothesis was addressed by exposing 30 different inbred mouse strains to CS or control air for five consecutive days, followed by analysis of neutrophilic lung inflammation. By genome wide haplotype association mapping, we identified four susceptibility genes with a significant association to lung tissue levels of the neutrophil marker myeloperoxidase under basal conditions, and an additional 5 genes specifically associated with CS-induced tissue MPO levels.
INTRODUCTION
Neutrophilic airway inflammation can be induced by different stimuli including cigarette smoke (CS). 14, 50 Neutrophilic airway inflammation is a major symptom of Chronic Obstructive Pulmonary Disease (COPD), a debilitating and progressive lung disease characterized by airway inflammation, airway remodeling, emphysema, expiratory airflow obstruction and accelerated lung function decline. 41 Smoking is the major risk factor for COPD and the chronic and pathologic lung inflammation that develops in COPD patients in response to smoking is predominantly characterized by neutrophilic infiltrates,45 which positively correlate with disease severity as measured by the degree of airflow obstruction, emphysema and chronic bronchitis. 48 The airway inflammation seen in COPD patients is mainly steroid insensitive as neither oral nor inhaled steroids are able to attenuate the numbers of inflammatory cells or reduce the expression levels of pro-inflammatory cytokines and chemokines in induced sputum and airway biopsies of COPD patients.1 In addition, neutrophilic airway inflammation is observed in asthma patients with severe steroid refractory disease. 16 Corticosteroid refractoriness in asthma is often associated with neutrophilic inflammation. Accordingly, asthmatics who smoke demonstrate a poor response to corticosteroids as well as increased levels of neutrophils in sputum. 11, 49 CS-induced airway inflammation can already occur after short-term exposure in individuals susceptible for the development of COPD. 51, 39 To date, little is known about the genetics of CS-induced neutrophilic airway inflammation, in contrast to the genetics of COPD or asthma for which many susceptibility genes have been identified. 8, 38 Although, some studies have already investigated the genetics of emphysema in COPD as well as different endophenotypes of asthma,13,47 to our knowledge no studies investigating the genetics of CS-induced neutrophilic airway inflammation have been performed.
We hypothesized that the immune response in the airways differs quantitatively or qualitatively between mice that differ in their genetic susceptibility to smoke. Therefore, we aimed to identify mechanisms that contribute to the susceptibility to develop an innate immune response upon CS exposure. To this end, 30 inbred mouse strains were exposed to CS for five consecutive days. Several studies have described the development of neutrophilic airway inflammation after short-term whole body CS exposure in mice. 53, 54, 42 Therefore, we used this as a model to test the susceptibility towards CS-induced airway inflammation. Subsequently, we evaluated genetic susceptibility for CS-induced neutrophilic airway inflammation by haplotype-association mapping (HAM). This approach has previously been used to identify genes contributing to acrolein-, chlorine-, or ventilator-induced acute lung injury. 29, 30, 31 Identifying susceptibility genes for CS-induced neutrophilic airway inflammation can be useful to attain new therapeutic targets to inhibit the chronic airway inflammation seen in COPD patients. When the chronic inflammation is halted at an early stage it is possible that emphysema and other COPD symptoms do not develop. 4 Additionally, it is important to find new therapeutic targets for chronic airway inflammation in COPD patients, as this inflammation is glucocorticosteroid insensitive, making it hard to halt the chronic inflammation.2
The current study shows that the susceptibility for CS-induced neutrophilic airway inflammation differs largely between individual mouse strains, showing a range from highly susceptible to fully resistant. Furthermore, our study identifies four novel susceptibility loci for the development of CS-induced neutrophilic airway inflammation in mice.
MATERIALS & METHODS

Experimental Design
This study was performed after review by and approval from the Institutional Animal Care and Use Committee of the University of Groningen (IACUC-RuG). Thirty inbred mouse strains (females, age 8-10 weeks; n=16 mice/ strain, The Jackson Laboratory, Bar Harbor, ME, USA) were housed under specific pathogen free conditions ( Table   1 ). The strains were selected based on relatedness to the C57Bl/6J reference strain and availability. All mice were housed in individually ventilated cages and all experiments were performed under identical situations minimize inter-strain differences. Mice were exposed to gaseous-phase CS from Kentucky 3R4F research reference cigarettes (Tobacco Research Institute, University of Kentucky, Lexington, USA) as described before. 42 In short, each cigarette was smoked without filter in five minutes at a rate of 5 L/hr and mixed with ambient air at a rate of 60 L/hr using whole body exposure. Gaseous-phase CS was directly distributed inside 6-liter Perspex boxes.
Female mice (n=8 per group) were exposed to CS of 1-5 cigarettes for 5 consecutive days or filtered air, each morning and afternoon, using a peristaltic pump as described previously. 25 Three mice of the ALS/LtJ strain did not survive the CS exposure and therefore this mouse strain was excluded from further analysis. No signs of decreased health or weight loss were observed in the air exposed control groups. Mice were sacrificed 2h after the last CS exposure (Fig 1a) . Lung tissue (four individual lobes), BAL fluid (1 ml, 100 μl aliquots), skeletal muscle and serum (100 μl aliquots) were collected and stored at -80 C° until further use. Lung inflammation was analyzed in BAL fluid by standard morphology using differential cell counts performed with cytospin smears using the May-Grünwald Giemsa method.5
Haplotype Association Mapping analysis
Genome wide association mapping was performed for log-transformed tissue Myeloperoxidase (MPO) levels using the efficient mixed-models association (EMMA) which conducts tests for association on single SNPs with two alleles and is corrected for confounding from population structure and genetic relatedness.23,7 The analysis was performed using a high-density SNP map of 4x10 6 SNPs. The publicly available R-package implementation of EMMA (available at http://mouse.cs.ucla.edu/emma/) was used. The significance threshold used in the EMMA algorithm software using 4,000,000 SNPs was -log (P) = 5.0, in the current study the threshold was decreased to -log (P) = 6.0 to decrease the change of obtaining false positive results.32,28 To investigate SNPs that are associated with CS-independent tissue MPO levels the log-transformed tissue MPO levels of the air exposed mice were implicated in EMMA as covariate.
Gene expression analysis
Total RNA was isolated from lung homogenate using Trizol (Invitrogen, Carlsbad, USA). RNA was further purified using the RNeasy Plus Mini Kit (Qiagen, Valencia, CA, USA). Any remaining DNA was removed using the RNase-Free DNase Set (Qiagen, Valencia, CA, USA). Total RNA was quantified using a Nanodrop-1000 (Nanodrop Technologies, Wilmington, USA). cDNA synthesis was performed according to the manufacturer's recommendations using the iScript cDNA synthesis kit (Bio-Rad, Richmond, CA, USA). Real-time PCR was performed using iTaq Universal SYBR® Green Supermix (Bio-Rad, Richmond, CA, USA). Quantification of cDNA targets was performed using the TaqMan technology using the ABI 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA).
All reactions were run in duplicate. Multiple housekeeping genes (HKG) were included on each plate (B2M, IPO8, PGK1). Based on the level and stability of expression in all samples (relative to other HKGs), the most appropriate set of HKGs being IPO8 and PGK1, was selected using NormFinder.3 Commercial primer/probe sets specific for target genes were purchased from Life Technologies (Invitrogen Life Technologies, Carlsbad CA, USA), Olfr1045
(Mm01254316_m1)). Genotypes were determined using the publicly available Jackson Laboratory mouse SNP database (available at http://cgd.jax.org/cgdsnpdb/). For genes that were identified with one significant SNP, the genotype of that SNP was used. Genes that were identified with a haplotype consisting of multiple SNPs a representative SNP was chosen and the genotype of that SNP is shown. All SNPs in one haplotype block show corresponding genotypes.
Protein expression analysis
MPO protein levels were determined in lung homogenate, obtained from homogenizing one lung lobe, of all 29 mouse strains exposed to CS or control air (n=8 per group), using a commercial ELISA kit with a detection limit of 250 pg/ml (Mouse Myeloperoxidase DuoSet, R&D systems, Minneapolis, USA). KC protein levels were measured in BAL fluid of all 29 mouse strains exposed to CS (n=8 per group), using a commercial ELISA kit with a detection limit of 15.6 pg/ml (Mouse CXCL1/KC DuoSet, R&D systems, Minneapolis, USA). IFN-α protein 73 | Genetic variation associates with susceptibility for cigarette smoke-induced neutrophilia in mice V levels were measured in homogenized lung tissue of 5 selected mouse strains exposed to CS or control air (n=8 per group), using a commercial ELISA kit with a detection limit of 12.5 pg/ml (Mouse IFN-alpha ELISA Kit, R&D systems, Minneapolis, USA). Commercial ELISA kits were performed according manufacturers' protocol.
Statistical analysis
Each bar represents a group of eight animals (mean ± SEM). Mann-Whitney U was applied to compare differences in expression between two mice strains. Normality in distribution of lung tissue MPO levels was tested using the Shapiro-Wilk normality test. A p value <0.05 was considered statistically significant. Correlations were determined using linear regression analysis where a p value of <0.01 was considered statistically significant.
RESULTS
CS-induced airway neutrophilia varies between 29 inbred mouse strains
In order to identify genes that contribute to the susceptibility for CS-induced innate airway inflammation, 30 inbred mouse strains were exposed to CS (n=8) or air as a control (n=8) for five consecutive days ( Figure 1a ).
Three out of eight mice of the ALS/LtJ strain deceased on the third day of CS exposure and therefore this mouse strain was excluded from further analyses. No signs of discomfort or weight loss were observed during the first three days of CS exposure, and necropsy did not reveal any pathology that could explain the adverse response of these mice to CS exposure. The ALS/LtJ strain is known for their susceptibility for free radical pancreatic beta cell destruction by Alloxan,33 but this offers no clear explanation for the observed death of the CS exposed mice. All analyses were performed with the data obtained in 29 strains. Analysis of BAL cell counts revealed that most, but not all, mouse strains developed airway inflammation after CS exposure, as indicated by the higher number of total cells compared to air-exposed control mice (Table 1 ). In air-exposed control animals, most BAL cells were mononuclear cells and a relative small percentage of total cells were eosinophils and neutrophils. However, CS exposure increased the percentage of neutrophils in the majority of mouse strains, most notably in BALB/cByJ mice, where the percentage of neutrophils increased from 0.61±0.27% after control air treatment to 60.00±1.80% after CS treatment ( Table 1 ). The magnitude of CS-induced airway neutrophilia varied highly between mouse strains, ranging from an average increase in neutrophils of 4.9 x 10 5 in BAL of CS-exposed BALB/ cByJ mice to a decrease of 3.2 x 10 4 neutrophils in BAL of CS-exposed I/LnJ mice compared to their respective air-exposed control groups (Figure 1b ). In addition to differential counts based on manual counting of cytospin preparations of BAL cells, we also measured lung tissue levels of MPO. MPO is a peroxidase enzyme that is most abundantly expressed in granules of neutrophils and considered to be a good proxy for tissue neutrophil counts. 44 Lung tissue MPO levels differed in a similar range as observed for airway neutrophilia. The average CS-induced change in MPO levels varied from a 631 ng/ml increase in BALB/cByJ mice to a CS-induced decrease of 263 ng/ml in NOD/ShiLtJ mice ( Figure 1c ). Next, we tested for the correlation between BAL neutrophilia and lung tissue MPO, and observed a positive correlation between CS-induced neutrophil numbers in BAL and CS-induced tissue MPO levels (r 2 =0.57, p≤0.0001) ( Figure 1e ). Levels of KC (CXCL1), the murine equivalent of neutrophil chemoattractant CXCL8, were also measured in BAL of CS-exposed mice to quantitatively analyze the CS-induced airway inflammation in the different mouse strains. Average KC levels varied between 602 pg/ml in SM/J mice and 0 pg/ml in SWR/J mice ( Figure 1d ). No correlations were found between CS-induced KC levels and neutrophil numbers (r 2 =0.05, p=0.23) or tissue MPO levels (r 2 =0.15, p=0.04) (Figure 2A, B) . Together, these data show that inbred mouse strains widely vary in neutrophilic inflammation in airways and lung tissue upon shortterm CS exposure, indicating that genetic components strongly influence the susceptibility to this response.
Remarkably, KC levels in BAL were not correlated to neutrophilic inflammation in our dataset.
Haplotype Association Mapping analysis for tissue MPO levels identifies 11 novel susceptibility genes
To identify genes contributing to the susceptibility for CS-induced neutrophilia, haplotype association mapping was performed using the data obtained in our screen, applying the efficient mixed-model association (EMMA) method (Figure 3 ). 23 The NZM2410/J mouse strain was unavailable in the EMMA database, therefore 28 mouse
Figure 1: Genetic variation in neutrophilic airway inflammation shown for 29 inbred mouse strains. A) Schematic
representation of the experimental set-up. Mice were exposed to cigarette smoke or control air for five consecutive days. For each cigarette smoke exposure 1, 3 or 5 cigarettes were used with two exposures per day except on the fifth day when only one exposure was performed. Mice were sacrificed two hours after the final exposure on the fifth day. Bronchoalveolar lavage fluid (BAL) fluid, lung tissue, serum and skeletal muscle samples were isolated, aliquoted and stored at -80° C until further use. B) 29 Inbred mouse strains were exposed to cigarette smoke or control air for five consecutive days. Neutrophil counts in BAL fluid were determined using cytospin. Bars depict average and SEM of smoke exposed mice (n=8) minus average air exposed mice (n=8). C) 29 Inbred mouse strains were exposed to cigarette smoke or control air for five consecutive days. MPO protein levels were determined in homogenized lung tissue. Bars depict average and SEM of smoke exposed mice (n=8) minus average air exposed mice (n=8). D) 29 Inbred mouse strains were exposed to cigarette smoke or control air for five consecutive days. KC levels were determined in BAL fluid of cigarette smoke exposed mice (n=8). Bars depict average and SEM. E) The induction of neutrophils after short-term CS exposure shows a positive correlation (r 2 =0.57) with the CS-induced tissue MPO levels of 29 mouse strains. Values are shown as average of n=8, both neutrophils and MPO are shown as delta of air-and CS-exposed mice.
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| Genetic variation associates with susceptibility for cigarette smoke-induced neutrophilia in mice V (Figure 2 ). As is evident from figure 1 and table 1, inbred mouse strains display a wide range of tissue MPO levels under basal (control) conditions. Therefore, we first assessed whether we could identify SNPs that are associated with differences in MPO levels under basal conditions by performing a HAM analysis using only the dataset from the air-exposed mice as input. This analysis revealed no SNPs significantly associated with MPO levels in air-exposed mice. Therefore, we also performed a HAM analysis on the full dataset, (cytochrome c oxidase subunit VIIc) and Naip6/7 (NLR family, apoptosis inhibitory protein 6/7) on chromosome 13 and Gm5072 (predicted gene 5072) on the X chromosome.
On chromosome, 13 a haplotype block of 37 significant SNPs was found to be associated with tissue MPO levels independently of CS exposure status. Although only one susceptibility gene was identified within this haplotype block, i.e. Cox7c, it is possible that genes in the proximity of the haplotype block are affected by these SNPs. Figure 5 shows a region of 1,000,000 bp including the haplotype block and the direct chromosomal proximity. This region contains the aforementioned candidate susceptibility gene, Cox7c, and two pseudogenes, Nhp2l1 and Hmgb3. Non-histone chromosome protein 2-like 1 (Nhp2l1) is a pseudogene with 90% alignment coverage of the parental gene, all introns processed out, 58.8% of the parental genes' poly-A tail and no known expression. 6 High mobility group box 3 (Hmgb3) is a retrogene with 99% alignment coverage of the parental gene, all four introns processed out, 68.2% of the parental genes' poly-A tail and shows weak gene expression.6
Finally, to identify SNPs specifically associated with CS-induced lung tissue MPO levels, we performed a HAM analysis using only the dataset from the CS-exposed mice as input ( Figure 4 ). This analysis identified 76 SNP associations (-Log(P) = >6) linked with CS-induced tissue MPO levels, 56 on chromosome 1, 1 on chromosome 3, 18 on chromosome 4 and 1 on chromosome 19 ( Table 3 ). The 76 significantly associated SNPs mapped to 6 genomic loci that were located in the direct proximity of the following genes: Ifna5 the SNP identified in the co-variate analysis (NES09568490) was also identified in the CS-induced tissue MPO analyses and a second significant SNP was also identified in this analysis (NES09568320). For Focad only 1 SNP was significantly associated with CS-independent tissue MPO levels while 12 SNPs were associated with the CS-induced tissue MPO levels. The other four genes, Ccdc93, Clrn1, Ptplad and Ablim1, are novel susceptibility genes for CS-induced lung tissue MPO levels. Gene function information of the genes identified by HAM analysis showed no obvious shared activities (Table 4) .
On chromosome 1 a haplotype block was identified containing 55 SNPs significantly associated with CSinduced tissue MPO levels. Within this haplotype block only one gene was identified, i.e. Ccdc93, therefore only this gene is further analyzed. However, in the close proximity of Ccdc93 is the gene Htr5b (5-hydroxytryptamine receptor 5B), possibly also being affected by the identified SNPs.
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| Genetic variation associates with susceptibility for cigarette smoke-induced neutrophilia in mice V Figure 2 : Neutrophilic airway inflammation in 29 inbred mouse strains. No significant linear regression was shown for KC both with A) neutrophil counts (r 2 =0.05) and B) tissue MPO levels (r 2 =0.015). Values of 29 mouse strains are shown as average of n=8, both neutrophils and MPO are shown as delta of air-and CS-exposed mice, KC values are of CS exposed mice. Neutrophil counts in BAL fluid are determined using cytospin counts in 29 Inbred mouse strains that were exposed to C) cigarette smoke or D) control air for five consecutive days. MPO protein levels were determined in homogenized lung tissue of 29 inbred mouse strains that were exposed to E) cigarette smoke or F) control air for five consecutive days. Bars depict average and SEM. 
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| Genetic variation associates with susceptibility for cigarette smoke-induced neutrophilia in mice V To test whether expression of any of the genes identified by HAM analysis was altered as a function of SNP genotype, mRNA expression was determined in homogenized lung tissue of selected mouse strains. The mRNA expression levels of three genes identified in the HAM analysis using CS-independent MPO levels, Olfr1045, Cox7c and Naip6/7, four genes identified in the HAM analysis using CS-induced MPO levels, Ccdc93, Clrn1, Ptplad2 and Ablim1, and two genes that were identified in both HAM analyses, Focad and Ifna5, were measured. Five mouse strains were selected based on their CS-induced tissue MPO levels, covering the entire range from highly susceptible to resistant mouse strains. We selected BALB/cByJ, PL/J, C58/J, C57BL/6J, and A/J, ranging from susceptible to resistant (Figure 1b) .
Figure 3: Haplotype Association Mapping identifies susceptibility genes for cigarette smoke-independent tissue MPO levels. The Manhattan plot for cigarette smoke-induced log-transformed tissue MPO levels depicts corresponding -Log(P) association probabilities for single nucleotide polymorphisms (SNPs) at indicated chromosomal locations. Significance level was set at SNP
The mRNA expression levels of Olfr1045 and Clrn1 were below the detection limit (data not shown).
Genotypes were determined for the remaining seven genes for each mouse strain. One significant SNP was identified forAblim1, therefore the genotypes of this SNP is shown. Moreover, we identified significant haplotype blocks consisting of multiple SNPs for the other identified susceptibility genes. For these genes a representative SNP, with matching genotype, is shown in Figure 6 . For Ccdc93 four different haplotypes were found, reflecting the genotypes of three LD blocks spanning 46, 6 and 2 SNPs and one single SNP.
First, we evaluated gene expression levels in lung tissue at baseline ( Figure 6 ). The mRNA expression levels of Focad showed small, yet significant differences among mouse strains, where the susceptible mouse strain PL/J showed the highest expression with a 2 -ΔCt of 0.18 ± 0.01, shown as mean ± SEM, and the non-susceptible strain A/J displayed the lowest expression with a 2 -ΔCt of 0.12 ± 0.01. No correlation of SNP genotype and expression level was observed for Focad. Basal Ifna5 expression was the highest in C58/J mice (2 -ΔCt 0.03 ± 0.02), followed by BALB/cByJ (2 -ΔCt 0.02 ± 0.00), while the other three strains showed lower expression levels, with no correlation to SNP genotype. Naip6/7 mRNA expression showed small, yet significant differences among mouse strains ranging from a 2 -ΔCt of 0.14 ± 0.01 in PL/J mice to a 2 -ΔCt of 0.06 ± 0.01 in C57BL/6J mice, with no relation to susceptibility.
The basal Cox7c mRNA expression levels were similar among different strains. For Ccdc93 the C57BL/6J and C58/6J mice had significantly higher expression levels (2 -ΔCt : 0.06 ± 0.004 and 0.06 ± 0.003 respectively) compared to the A/J, PL/J and BALB/cByJ mice (2 -ΔCt : 0.03 ± 0.003, 0.03 ± 0.003 and 0.03 ± 0.001 respectively). However, expression levels of Ccdc93 was not associated with a specific haplotype at the locus. The mRNA levels of Ptplad2 show small, yet significant, differences among strains ranging from a 2 -ΔCt of 0.07 ± 0.005 in C57Bl/6J mice to a 2 -ΔCt of 0.04 ± 0.003 in C58/J mice. For Ablim1 the gene expression levels were relatively similar among strains, only the C57BL/6J mice showed significantly higher expression levels (2 -ΔCt 0.07 ± 0.005) compared to the other strains.
Together, these data indicate that small differences in mRNA expression exist between strains for Focad, Ifna5, Naip6/7, Ccdc93, Ptplad2 and Ablim1. However, these small variations in basal expression did not correlate with susceptibility to CS-induced airway neutrophilia or genotype of the polymorphic SNPs.
Next we compared the CS-induced alterations in gene expression levels for these genes in lung tissue between susceptible and resistant strains. CS exposure reduced Focad mRNA expression in non-susceptible mouse strains (C58/J, A/J), while a trend towards a decrease was found in C57BL/6J mice (p=0.06), and no significant changes were observed in the susceptible mouse strains BALB/cByJ and PL/J (Figure 7) . Furthermore, are significantly increased by CS-exposure in the susceptible BALB/cByJ strain and significantly decreased by CS exposure in the non-susceptible A/J strain while CS had no effect in the other strains. Together, these data show that Ccdc93, Ptplad2 and to a lesser extent Focad expression are decreased upon CS exposure in resistant mice but not in susceptible mice, suggesting that the CS-induced down-regulation of these genes may be protective.
The IFN alpha locus carries two SNPs associated with lung tissue MPO levels in the CS exposed dataset, while only one of these two SNPs was associated with lung tissue MPO in the full dataset when corrected for CS exposure status. Therefore, we also followed up on this locus. The locus contains several orthologous, juxtaposed Ifna genes which all contribute to IFN-α protein levels. 35 We evaluated Ifna5 gene expression levels since this gene is located most closely to the polymorphic SNP associated with CS-induced lung tissue MPO levels. To evaluate whether the polymorphic SNP mapped to Ifna5 affects IFN-α protein levels by regulating the expression of one or several of the other Ifna genes in the locus, we measured IFN-α protein levels in lung tissue of the five selected mouse strains. The protein corrected lung tissue IFN-α levels show variability between the different strains, which did not correlate to susceptibility for CS-induced tissue MPO levels or with the genotype of the SNP and did not change with CS exposure. (Figure 7h ) Figure 6 : Basal lung tissue mRNA expression of Focad, Ifna5, Naip6/7 and Ccdc93, Ptplad2 and Ablim1 varies between strains. mRNA expression was determined in homogenized lung tissue of selected genes significantly associated with lung tissue MPO levels. Genotypes are shown for each gene, a representative genotype was selected for genes associated with a haplotype of multiple SNPs. The genotype corresponds with SNPs that are represented in Table 2 and 3. A) Focad B) Ifna5 C) Naip6/7 D) Cox7c E) Ccdc93 F) Ptplad2 and G) Ablim1 mRNA expression was shown as 2 -ΔCt of air exposed mice (n=8). Significance was determined using a Mann-Whitney-U test, * = p<0.05, ** = p<0.01, *** = p<0.001.
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DISCUSSION
The current study identified five novel susceptibility genes that are associated with CS-induced neutrophilic airway inflammation in mice. Moreover, six susceptibility genes were identified that are associated with lung tissue MPO levels in mice when corrected for CS exposure status. Therefore, we conclude that both basal and Within our study of 29 inbred mouse strains, a clear difference in susceptibility towards CS-induced airway inflammation was observed. This is in agreement with previous studies, in which inbred mouse strains had mRNA expression was determined in homogenized lung tissue of selected genes significantly associated with lung tissue MPO levels. A) Focad B) Naip6/7 C) Ifna5 D) Cox7c E) Ccdc93 F) Ptplad2 and G) Ablim1 mRNA expression was shown as fold induction of 2 -ΔCt of cigarette smoke exposed mice (n=8) compared to 2 -ΔCt of control air exposed mice (n=8). Significance was determined using a Mann-Whitney-U test, * = p<0.05, ** = p<0.01, *** = p<0.001. H) Protein expression of IFN-α was determined in homogenized lung tissue of cigarette smoke exposed mice (n=8) and control air exposed ( inflammation and identifies genes that may also be involved in the neutrophilic component of chronic airway inflammatory diseases, which will be subject for further research.
Our study shows a statistically significant inter-strain variation in the amount of neutrophils and the level of KC in BAL fluid and the level of MPO in lung tissue between 29 different mouse strains. Furthermore, CS-induced neutrophil influx in BAL fluid positively correlated with tissue MPO levels, whereas no significant correlation was found between CS-induced neutrophil influx in BAL fluid and BAL KC levels or tissue MPO levels and BAL KC levels. Therefore, MPO levels appear to be a better marker for neutrophilic airway inflammation than KC levels.
In addition, tissue MPO levels provide more robust and replicable data than neutrophilic BAL counts, probably caused by the technical limitations of observer-dependent cytospin cell differentiation. Therefore, the HAM analysis was performed using tissue MPO levels as input.
The use of HAM analysis in order to identify novel susceptibility genes for specific complex genetic disorders has been proven successfully before. Indeed, several susceptibility genes were identified for ventilator-, chlorine-, acrolein-and phosgene-induced acute lung injury, all showing different susceptibility genes. 31, 30, 29, 28 In these studies 4, 13, 7 and 14 candidate genes were identified respectively, although only one or a few of these genes appeared to be functionally correlated to the disease. In the current study, a direct HAM analysis on basal tissue MPO levels did not identify any significant SNPs. To increase power, we also performed a HAM analysis on the full dataset using CS exposure as covariate, which identified 48 SNPs that are significantly associated with tissue MPO levels independent of CS exposure status. These SNPs mapped to seven genes. Moreover, we also identified 76 SNPs that are significantly associated with CS-induced tissue MPO levels, which are mapped to 6 genes. Remarkably, 2 of these 6 genes were also found in the HAM analysis on the full dataset using CS exposure as covariate, indicating that these genes also contribute to CS-independent levels of lung tissue MPO.
Notwithstanding, the association analysis with CS-induced lung tissue MPO identified additional SNPs in the Ifna5 and Focad loci that were not identified in the covariate analysis. The association of Ifna5 SNP (NES09568320)
is less significant than the association of the Ifna5 SNP (NES09568490) with CS-induced lung tissue MPO levels,
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| Genetic variation associates with susceptibility for cigarette smoke-induced neutrophilia in mice V indicating that the association of SNP (NES09568320) with CS-induced lung tissue MPO might be largely driven by the dominant signal of the Ifna5 SNP (NES09568490). In contrast, the large number of additional SNPs identified in Focad -and the fact that the original SNP was only marginally associated with CS-induced lung tissue MPO levels -clearly indicate that genetic variation on the Focad locus has an independent contribution to CS-induced lung tissue MPO.
All in all, we identified 11 novel susceptibility genes for lung tissue MPO, 5 of which are associated with CS-induced tissue MPO levels. Of these 11 genes, 9 were selected for further analysis. However, two of these 9
genes, Clrn1 and Olfr1045 showed no expression in mice lung tissue. On chromosome 13 a haplotype block was identified containing not only the susceptibility gene Cox7c but also two retrogenes, however the low expression and functionality of retrogenes makes it unlikely that these are functionally involved in the susceptibility for CS-induced neutrophilic airway inflammation. Although SNP data for the NZM2410/J mouse strain were not available for analysis using the EMMA database, the NZM2410/J genotype of the SNPs identified with HAM analysis (2x susceptible, 2x protective) are roughly in agreement with the observed intermediate phenotype of the NZM2410/J mice for CS-induced neutrophilic airway inflammation, as measured in tissue MPO levels ( Figure   1C ).
Focad encodes the protein Focadhesin, a focal adhesion complex protein with known expression in the lungs.9 CS exposure decreased Focad expression in mouse strains resistant towards CS-induced airway inflammation, indicating that Focad expression affects tissue MPO levels in a CS-independent fashion, yet CS exposure lowers Focad expression in non-susceptible mouse strains. Ifna5, encoding a type I interferon with known high expression in bronchial epithelial cells,35 expression was not significantly affected by CS exposure.
Although no correlation was found between gene expression level and CS-induced neutrophilic airway inflammation, Ifna5 was found previously to be associated with respiratory syncytial virus induced bronchiolitis, a disease that shares some similarities with CS-induced airway inflammation.22 Moreover, IFN-α molecules are known inducers of apoptosis by ligating the interferon alpha receptor.12,18 Naip6/7 encodes a member of the NLR family apoptosis inhibitory protein (NAIP) family, a family of pathogen recognition receptors that initiates direct activation of the inflammasome upon activation by bacterial flagellin, inducing subsequent release of the proinflammatory cytokines IL-1β and IL-18.34 Furthermore, Naip6/7 has a high expression level in bronchial epithelial cells. 24 The CS-induced decrease in Naip6/7 expression did correlate with susceptibility towards CS-induced neutrophilic airway inflammation, with only C57BL/6J not fitting in this correlation. Cox7c, a nuclear encoded subunit of the cytochrome C oxidase complex that is part of the mitochondrial respiratory chain, showed a CS-induced decrease in expression that correlates with susceptibility towards CS-induced neutrophilic airway inflammation. The CS-induced decrease in expression is most apparent in the highly susceptible mouse strains, while the resistant mouse strains show no CS-induced decrease in expression. This could suggest that decreased
Cox7c expression is associated with CS-induced airway inflammation. Here, a hypothetical mechanism can be identified in that down-regulation of Cox7c expression might affect activity of the oxidative energy metabolism which decreases sensitivity for CS-induced oxidative stress leading to cell death with subsequent inflammation.20
Ccdc93, a coiled-coil domain, has the highest association with CS-induced airway inflammation in mice, with a significant CS-induced increase in the susceptible mouse strains and a significant CS-induced decrease in the non-susceptible mouse strains. Here, our data suggests that an increased expression of Ccdc93 might contribute to a stronger CS-induced airway inflammation in mice while a decrease in expression might protect against CS-induced airway inflammation. Ptplad2 encodes a protein tyrosine phosphatase which is an enzyme that removes phosphate groups from tyrosine residues.56 In the non-susceptible mouse strains CS induces a decrease in Ptplad2 expression suggesting that this decrease protects against CS-induced airway inflammation.
Ablim1, an Actin binding LIM protein, encodes a structural cytoskeleton protein that binds to Actin.26 Ablim1 only partly correlates to susceptibility for CS-induced airway inflammation as only in the highest susceptible mouse strains a CS-induced increase in expression was noted and in the most non-susceptible mouse strain a decrease in expression was seen. In total from the nine analyzed susceptibility gens four genes showed correlation of their CS-induced mRNA expression levels with Cs-induced lung tissue MPO levels, i.e. Focad, Cox7c, Ccdc93 and Ptplad2. Of these four genes Cox7c is associated with CS-independent lung tissue MPO levels, and the remaining three genes are associated with CS-induced lung tissue MPO levels.
The analyzed candidate genes do not map to a single pathway and do not share a common gene ontology
annotation, yet three of these genes have known functions in the regulation of cell death: Ifna5, Naip6/7 and Cox7c. Hence, disturbed cell death pathways might contribute to increased susceptibility for CS-induced airway inflammation. A role of dysregulated cell death pathways and subsequent activation of pattern recognition receptors have been proposed to play a role in neutrophilic airway inflammation.41 Moreover, in COPD patients it has been shown that both apoptosis as well as the efficient phagocytosis of apoptotic cells is disturbed in the airways.27 Further research is needed to determine the role of disturbed cell death pathways in CS-induced airway inflammation and COPD.
In conclusion, our study shows that there is a genetic component in the development of CS-induced neutrophilic airway inflammation in mice. Furthermore, six susceptibility genes were identified that are associated with CS-independent lung tissue MPO levels in mice and five susceptibility genes were identified that are related to CS-induced lung tissue MPO levels. Upon further investigation it was shown that four of the analyzed susceptibility genes show CS-induced changes in lung tissue mRNA expression levels which correlate with CS-induced airway inflammation, three of these genes, e.g. Ccdc93, Focad and Ptplad2, are associated with CS-induced lung tissue MPO levels, suggesting that down regulation of these genes can be protective for CSinduced airway inflammation. This information can be valuable for identifying future research targets for the development of treatments for CS-induced airway inflammation, a major hallmark of COPD.
